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Abstract
The uptake of the sevenheavy metal ions Cd(II), Co(II), Cr(III), Cu(II), Ni(II), Pb(II), and Zn(II) by sludge
particulatesin single-metalsystemswas investigated.
Resultsshowedthat under acidicand neutral pH conditions,the
uptakeof all heavymetalsby sludgeparticulatesincreases
with the increaseof pH. However,in the alkalinepH region,
the uptake of Cu(II), Ni(II), and Co(II) decreases
with the increaseof pH, primarily due to the high dissolvedorganic
matter (DOM) concentrationin high pH conditions.Basedon chemicalreactionsamong heavy metal, sludgesolids,
and DOM, a mathematicalmodel describingmetaluptakeas functionsof DOM and pH was developed.The stability
constantsof metal-sludgeand metal-DoM complexescan be determinedusing this model in conjunctionwith
experimentalmet.aluptake data. Resultsshowedthat, for the secondarysludgesamplecollectedfrom BaltimoreBack
River WastewaterTreatment plant on March 1997,the stability constantsof Cu(Il)-sludge complex (log K5) and
Cu(II)-DOM complex(log Ky) are 5.3+0.2 and 4.7+0.3, respectively;
for Ni(II), they are 4.0+0.2 and 3.9+0.2,
respectively.
Resultsalsoshowedthat under neutraland low pH conditions(pH < 8), the DOM effectson metaluptake
for all heavymetalsare insignificant.Therefore,the DOM term in the model can be ignored.Resultsshowedthat, for
the secondarysludgesamplecollectedfrom BaltimoreBack River WastewaterTreatmentplant on December1996,the
estimatedlog Ks valuesof metal-sludgecomplexes
for Cd(II), Co(II), Cr(III), Cu(II), Ni(II), Pb(lI), and Zn(ll) are,
r e s p e c t i v e l y . 3 . 6 + 0 . 2 , 3 . 05+. 05 .+10, . 14, . 8 + 0 . 13, . 1 + 0 . 15, . 1+ 0 . 1 ,a n d4 . 4 + 0 . 3 .
O 2003ElsevierLtd. All rights reserved.
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l. Introduction
Wastewater treatment plants are gathering points of
pollutants including heavy metals. The uptake of heavy
metals by sludge particulates is of great significance in
metal pollution control.
It was reported that pH significantly affects heavy
metal uptake by sludge particulates [-6]. It was also
reported that dissolved organic matter (DOM) can form
complexes with heavy metals, therefore the existenceof
*Correspondingauthor. Tel.: + l-573-341-7503;
fax: + l573-341-4129.
(J. Wang).
E-mailutldress:wangjia(@umr.edu

DOM decreasesthe metal uptake [6*8]. DOM contains
weak acid sites that can be used for metal binding [9].
Severalmathematical models describing heavy metals
ll.
uptake by sludge have been developed 12,3,10.1
However, these models cannot be used to simultaneously describe effects of both pH and DOM on metal
uptake. Therefore, these models cannot be used to
predict metal uptake in conditions other than those used
in the experiment.We developed a three-variablemodel
that integrates the effects of the three major factorspH, DOM, and dissolved metal concentrations-on
metal uptake [6]. However, this model is valid only when
the free metal ion concentration is insignificant compared to the DOM-complexed metal ion concentration.
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Moreover, the constants in this model do not have clear
physical meanings. It can be considered as a semiempirical model.
The objectives of this study are to develop a
theoretical model based on chemical reactions among
heavy metal, sludge solids, and DOM to better describe
DOM effects on heavy metal uptake under various pH
conditions, and in the meantime to obtain the stability
constants of metal-sludge and metal-DoM complexes.

2. Theoretical aspects
It was reported that both DOM and sludge solids can
be treated as weak acids [9.12].DOM contains two types
of acid siteswith acidity constants (p&) of 5.3 and 9.5,
respectively. Because the concentration of the first acid
site is linearly related to the DOM concentration, it is
assumed that the first acid site is responsible for the
metal complexation. The study indicated that the
(fr_)
densities of
the
first
acid
site
are
l0-5 mollmg-COD for DOMs from both primary and
activated sludge samples. Similarly, it is assumed that
only one acid site in the sludge is responsible for the
metal uptake in the experimental pH range. The acidity
constants (pKu) for both primary and activated sludge
particulates are 6.1. The acid site densities (f*) for
prin'rary sludge and activated sludge are, respectively,
2.4 x l0-3 mol/g-SS and 1.7x l0-3 mol/g-SS. The deprotonation reactions of the sludge site and the DOM
site can be written as

SOH:H++SO-,
HL : H+ + L-;

Ku,

Ku,

(M-'), KL: tMl+l/tMt*llL-l;
{SoM*} is the concentration of metal-sludge cornplex.
In order to develop the metal uptake model, the
following mass balance equations are considered:
S l u d g es i t e b a l a n c e : S r :

{SOH} + tSO-}
+ {soM+ },

DOM site balance : Lr : [HL] + [L-] + [ML*J,

Mr :

{SOM*} + [ML+] + [M2*],

[H"]{.SO-}
{soH}
' K_n

{ s o '- }_ { s o M - } .

M2* + L- - ML+, Kr,

(4)

whereM'+ is the free metal ion; SOM* and ML+ are
the metal-sludgecomplex and metal-DoM complex,
respectivelyl
Ks is the stability constantsof the metai-'),
sludgecomplex(M
Ks : {SOM* } /[M2*]{SO- \; Ktis the stability constantof the metal-DOM complex

(e)

[M',*]Ks

lnsertingEqs.(8) and (9) into Eq. ( 5 ) o n e g e t s :

sr:

I H + l {S O - }
I\H

+{So-}+1sou*;

I {SOM+}
:--:-.--;:-::+ {SOM+},
au [M'*]Ks

(3)

( 8)

Similarly,frorn K5 definition,one can write

Q)

M 2* + S o- : So M+ ; K s ,

( 7)

where M7 is the total metal concentration (M).
From Kg definition, one can write

- [H+l+rKH{sotl
} + {soM*}
Kg

the acidity constant of the DOM site (M), Ka:
lH*lll--l/[HL]; {SOH] and {SO-} are the concentrations of protonated and free sludge sites, respectively.
The nonprotonated sludge and DOM sites (i.e. free
acid sites) can bind heavy metals to form metal-sludge
or metal-DOM complexes. Assuming one free-acid site
binds one metal ion, the metal bindine reactions for
sludge and DOM can be written as

(6)

where 51 and L-1 are the total sludge site concentration
(M) and the total DOM site concentration (M),
respectively.
Assuming concentrations of metal hydroxide species
and metal bicarbonate/carbonate speciesare negligible,
the metal balance can be written as

(l)

where SOH and SO- are the protonated and free sludge
sites, respectively; HL and L- are the protonated and
free DOM sites, respectively; K11 is the acidity constant
o f t h e s l u d g es i r e ( M ) , K H : [ H * ] { S O - } / { S O H } ; K " i s

(5)

(10)

where dH : KH/([H*] + Kn), the ratio of free sludge
sitesto the total sludgesitesthat are not occupiedby
heavymetals.
As a result
{ S O M *', -

auKs{r[M2-+]
I + asK5[M2+]

(11)

Eq. (11) indicatesthat the adsorbed metal concentration
is a function of pH, total sludge site concentration (i.e.
the metal uptake capacity), and free metal ion concentration. It can be treated as the modified Langmuir
equation that incorporates the effect of pH (included in
the as term).
Heavy metal concentrations in wastewater treatment
plants are usually very low compared to the total sludge
site concentration. Assuming the relative metal concentration is very low so that the adsorption is in the linear
range of the Langmuir isotherm, i.e., asK5[M2*]<1,
Eq. (11) can be simplified to

{S OM* } : aH K sS r[Mt* ].

(12)
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Similarly,if the relativemetal concentrationin dissolved
phase is very low compared to the total DOM site
concentration.the DOM-complexed metal concentration can be expressed
using the following formula:
[ M L*] : u^K t L r[M2 * ],

(13)

where au : Kol([H*] + Ko), the ratio of free DOM sites
(nonprotonated sites) to total DOM sites that are not
occupied by heavy metals.
The ratio of adsorbed metal to the total metal, or the
metal partitioning, can be defined as

n^:

{ s o M }*

{soM*}
+1

Mt:W

(14)

asK5S1

(15)

"-o"71'r5.,*ou6rltal'

According to the definition, 51 is the total sludge site
concentration. and l,1 is the total DOM site concentration. Therefore. Sr : fn., SS, and I,r - ly COD.
Eq. (15) shows that, under relatively low metal
concentration conditions, metal partitioning is dependent on SS concentration, DOM concentration, and the
solution pH, but independent of the free metal
concentration. Therefore, all metal uptake curves
plotted as the percentage of metal uptake as a function
of pH for different initial metal concentrations tend to
overlap.
If DOM effect on metal uptake is not significant, the
. q. (15)can be
D O M t e r m i n E q . ( 1 5 ) c a n b e n e g l e c t e dE
sirnplified to

R_

3. Materials and methods
3.1. Sludge samples
Secondary sludge samples collected from the Back
River Wastewater Treatment Plant. Baltimore. MD
were used to conduct batch equilibrium rnetal uptake
experiments under various pH, initial metal concentration, and SS concentration conditions. The uptake of
Cu(II), Ni(II), Co(II), Zn(II), Cd(II), Pb(II), and Cr(III)
were investigated. All experiments were conducted in
single metal systems.

3.2. Experimental procedures

J

I nt egr at ing
E q s .(1 2 )a n d (1 3 )i n to E q . (1 4 ),o neobtai ns
D _

483',l

KsK5f6SS

(16)

KsK5fn,SS+[H+] *KH

It should be noted that a general equation that can be
used to describe metal distribution for both low and
high rnetal concentrations can also be developed based
on reaction Eqs. (l)-(4) and mass balance Eqs. (5)-(7)
[13]. Eq. (17) shows the general equation.

Batch equilibrium metal uptake experiments were
conducted according to the following procedures: mixed
liquor was collected from the field and then maintained
at low temperature in coolers while being transported to
the laboratory. It was then filtered through a No. l0
sieve to remove grit and debris. An appropriate volunre
of concentratedstock metal solution was then added to
the mixed liquor to achievea pre-selectedrange of initial
metal concentrations while mixing. A certain volume of
the mixed liquor was taken for the determination of SS
and total metal concentrations (triplicate measurements
for both SS and total metal concentrations). One
hundred mL of the mixed liquor was then distributed
to each of a seriesof 125-mL plastic bottles.The samples
were then adjusted to various pH values (from 3 to l0)
with 1.0 M HCIO4 or NaOH. All samples were then
tightly capped and placed on a mechanical shaker for
constant mixing for 4 h at 180 excursionsper minute to
achieve equilibrium [6]. At the end of the shaking time,
30 mL of the suspensionin each bottle was removed and
centrifuged at 15,000 rpm (20,0009) for l0 min to
separatethe solids from the suspension.The supernatant
was then collected for the measurement of the residue
metal and COD concentrations. The final pH values
were determined using the remaining suspensions.

3.3. Anulytical methods

1 '

n:

a o { t + asKslM t )
( r + d s K 5 f 'nSSlMt )'
r )

(17)

where

lM2*l:

aoKy(Mp - |LCOD) - I +

All analysesin this study were conducted according to
Standard Methods Ia]. The COD concentration was
determined using the colorimetric method (HACH

[aoKy(Ms-|LCOD)-1]
2auKy

M o : [ M L * ] + [ M 2 * ] ,total dissolved metal concentrat ion ( M ) .

* 4u.aKyMe

Company, Loveland, Colorado). The SS concentration
was analyzedgravimetrically. Total and dissolvedheavy
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metals were determined using flame or graphite furnace
atomic absorption spectrophotometry (AA) (Model
5000, Perkin-Elmer Corp., Norwalk, Connecticut). The
mixed liquor and all other samples were digested with
nitric acid before AA analysis for the determination of
total metal concentrations. An Orion general-purpose
pH electrode (Orion No. 910500, Orion Research,Inc.,
Beverly, Massachusetts)was used to measure pH values.

600
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4. Results and discussion

0

10
pH

4.I. General metal uptake characteristics
Fig. I shows the uptake characteristics of seven metal
ions by Baltimore secondary sludge particulates (collected in December 1996) as a function of pH. The initial
metal concentrations of all metals were approximately
2.0 x 10-4 M. The SS concentrationsof the sample were
3.ll glL in all batches. Results show that metal uptake
is significantly affected by pH. For all metal ions
studied, the uptake increases with the increase of pH
under neutral or low pH conditions. However, in the
alkaline pH region, the uptake of Cu(II), Ni(II), and
Co(II) decreaseswith the increase of pH.
Fig. 2 shows the DOM profile for batches containing
Cu(II), Co(II), Pb(II), and Zn(II). It indicatesthat in the
alkaline pH region, the DOM concentration increases
significantly with the increase of pH for all systems.
Because DOM contains weak acid sites, it may react
with some heavy metal ions to form metal-DOM
complexes, resulting in the decrease of metal uptake.
The decreaseof Cu(II), Ni(II), and Co(II) uptake may
be caused by the complexation of these metals with
DOM.
Fig. 2 also shows that organic matter dissolution is
not affected by the metal type. Thus, the DOM

Fig. 2. Organic matter dissolutionfrom Baltimoresecondary
sludgecollectedDecember1996.Conditionsare sameas Fig. l.
The line is the modelresultsbasedon Eq. (18).

concentration as a function of pH can be normalized.
Eq.(18) is the empirical relationship between COD and
pH. The curve fitting result is shown as the solid curve.

C OD : 93.3*

3 . 3 5x 1 0 - 6
l 0 - P H+ 7 . 5 x l 0 - e '

(18)

Under neutral and low pH conditions, the relative DOM
concentration is low compared to that under alkaline
pH conditions, and compared to the total sludge-site
concentration. Therefore, the DOM effect on the uptake
is not significant. In alkaline pH region, the DOM
concentration increasessignificantly with pH. Therefore,
the complexation between DOM and heavy metals such
as Cu(II), Ni(ID, and Co(II) can be enhanced,resulting
in the decreasein their uptake. Other heavy metals such
as Pb(II), Zn(ll), Cd(II), and Cr(III) may also form
complexes with DOM.
However, they may form
stronger complexes with sludge surface sites. Therefore,
their uptake is not significantly affected by DOM under
high DOM concentration condition.
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4.2. Cu(ff ) and Ni(II)
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Fig. l. Metal uptake by Baltimore secondarysludge in single
metal systems as a function of pH. Conditions: C0 :2.9 *
l0-4 M; field ionic strength; equilibration time:4 h; SS:
3 . l l g l L : t e m p e r a t u r e : 2 0 - 2 5 " C . S l u d g es a m p l ew a s c o l l e c t e d
in December 1996.

uptake modeling

BecauseCu(II) and Ni(II) are among the metals most
easily affected by DOM, and are also among the heavy
metals of greatest concern in wastewater treatment
plants, they were chosen for the detailed investigation.
Experimental data for Cu(II) and Ni(II) uptake in
Fig. 1 were analyzed. As shown in Eq.(15), metal
uptake is a function of pH and COD concentration.
BecauseCOD concentration can also be expressedas a
function of pH (Eq. (18)), the metal partitioning
(Eq.(15)) can also be expressedas a function of a single
variable, the pH. Computer programs that can perform
non-linear regression such as KaleidaGraphrM [ 5] can
be used for data analysis. Fig. 3 shows the original
experimental data (points) and the model simulation
results (smooth curves) for Cu(II) and Ni(II) uptake.
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Curve fitting resultsindicatethat, the stabilityconstants
of Cu(Il)-sludgecomplex (log K5) and Cu(II)-DOM
complex (logK1) are, respectively,5.2+0.3 and
4. 7+ 0. 4. F or N i (II), th e y a re , re s p e c ti v el y,
4.0+ 0.3
a n d3 . 7 + 0 . 4 .
The uptake of Cu(II) and Ni(II) by Baltimore
secondarysludgeparticulatescollectedin March 1997
was also investigated.The solids concentrationwas
2.67glL in all batches.Metal uptake data from four
initial metalconcentrations
werecollected.Fig. 4 shows
the Cu(II) and Ni(II) uptake results.Fig. 5 showsthe
DOM profile for the experiment.An empiricalrelationship betweenCOD and pH is alsoestablished,
as shown
i n E q .( 1 9 ) .

COD : 123+

2 . 5 8x 1 0 - 7

profile, it can be concluded that the decrease of metal
uptake in the alkaline pH region is caused by the DOM
effect.
Fig. 4 also shows that the two Cu(II) uptake curves at
low initial Cu(II) concentrations tend to overlap. This
means that Cu(II) uptake by sludge and Cu(II)
complexation with DOM are close or in the linear range
of the Langmuir isotherm. A similar conclusion can be
obtained for Ni(II) uptake. Thus, Eq. (15) can be used to
fit Cu(ll) and Ni(II) uptake data for low initial metal
concentrations.
Based on the experimental data in Fig. 4 and the
COD-pH relationship in Fig. 5, non-linear regression
was performed. Fig. 6 shows the curve fitting results for
the two lowest initial metal concentrations, where points
represent experimental data and solid curves are curve
fitting results. Results show that for Cu(II), the
calculated uptake result in the neutral and low pH
conditions is slight lower than the experimental data,
however, in the alkaline pH region, the calculated result
is slight greater than the experimental data. This is
becausethat, in our model derivation, we assumed that
only the first acid site in the DOM is responsible for

(l e)

l O - P H+ 4 . 7 x l 0 - r 0 '

Similar to the previous experimental results, Fig. 4
shows that Cu(II) and Ni(II) uptake increaseswith the
increase of pH under neutral and low pH conditions.
However, the metal uptake decreaseswith the increase
of pH in alkaline pH region. Referring to the DOM
100
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Fig. 3. Cu(II) and Ni(II) uptakeby Baltimoresecondarysludge
particulates
collectedDecember1996.Curve fitting resultswere
obtainedusingEq. (15).Conditionsare sameas Fig. l.

Fig. 5. Organic matter dissolutionfrom Baltimoresecondary
sludee collected March 1997.Conditionsare sameas Fis. 4.

Ni(TT)

Cu(IT)
I00

t00

80

80

---+--_

;

360

t\-

JZ
G
-a.

?40

E40

c)

a)

)(r

20
0
(a)

6U

{f
-t

\\
g

#

--+-n+ --o--

tt.ti pL\l
20.0p\,1
66.0g\{
221)pM

t2
pH

(b)

pH

(a) Cu(II); (b) Ni(II). Sludgesample
Fig. 4. Cu(II) and Ni(If uptakeby Baltimoresecondarysludgeat differentinitial concentrations.
:20-25"C.
wascollectedMarch 1997;field ionic strength;equilibrationtime:4h; SS:2.67 g/L; temperature

4840

J. LVang et al. I lVuter Research 37 (2003) 4835-4842

r00

Cu(II)

Ni(il)

r00

80
'.c

\o

-9 60
E
840

I60
E40
(,,
z

a)

20

(a)

%

20

PII

(b)

PII

Fig. 6. Curve fitting results for Cu(II) and Ni(II) uptake by Baltimore secondary sludge collected in March 1997 under low initial metal
c o n c e n t r a t i o nc o n d i t i o n s . ( a ) C u ( I I ) ; ( b ) N i ( I I ) . C o n d i t i o n s a r e s a m e a s F i g . 4 .

metal complexation. Since the second acid site, most
likely an amino group [9], also forms strong complex
with Cu(II) under high pH conditions, ignoring its effect
in model causesgreater calculated Cu(II) uptake in the
alkaline pH range. For the same reason, the effect of
both acid sites on Cu(II) uptake is attributed to the first
acid site during curve fitting. Therefore, the effect of the
first acid site in the model is pronounced, resulting in
lower calculated metal uptake in neutral and low pH
conditions. Results show that the stability constants of
Cu(II)-sludge complex (log K5) and Cu(II)-DOM comp l e x ( l o g K y ) a r e , r e s p e c t i v e l y ,5 . 3 * 0 . 2 a n d 4 . 1 + 0 . 3 .
Results show that for Ni(ll), the model calculation have
a good agreement with the experimental data due to the
weak Ni(Il)-ammonia complexation. The stability constants of Ni(Il)-sludge complex (log K5) and Ni(II)DOM complex (log K1) are, respectively,4.0 * 0.2 and
3.9+0.2. These results are essential the same as those
determined using the sludge sample collected in December 1996 for which one initial metal concentration was
used. The similarity of these results indicates that, under
low metal-sludge loadings, the metal uptake is only
related to pH and DOM concentration, but not to the
initial metal concentration. Results also indicate that the
sludge samples have similar metal adsorption characteristics even though they were collected at different times.
4.3 Ni(ff ) uptake by washed sludge
Ni(II) uptake data for processedsecondarysludgein a
previous publication [6] is reevaluated here. The sludge
was collected from the Philadelphia Northeast Water
Pollution Plant. It was washed using deionized water to
remove any possible ions that affect metal uptake. The
ionic strength of the sludge sample was then adjusted to
0.05 M using NaClOa. The processedsludge sample was
then used to perforrn a Ni(II) uptake experiment. Based
on the DOM data. the empirical relationship between
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Fig. 7. Modeling resultsfor Ni(lI) uptake by Philadelphia
Conditions:SS : 3.27glL;iottic
secondarysludgeparticulates:
strength: 0.05M. Samplewas collectedMarch 1995 (data
from Wang [(r]).

COD and pH can be expressedas
C OD : 356*

2.6 x 10-6
f o r S S: 3 . 2 l g l L .
l O - p s+ 2 . 3 x l 0 - e

Metal uptakeresultswereanalyzedusingEq. (15).Fig. 7
showsthe original experimentaldata and curve fitting
model results.The stability constantsof Ni(Il)-sludge
complexand Ni(II)-DOM complex(loe Ks and log K1)
2.7+0.1 and
were determined.They are, respectively,
2.1+ 0.1. It appearsthat.theseconstantsaresignificantly
lower than those determinedusing fresh unwashed
It is speculated
that somemetalbinding
sludgesamples.
sitesare lost during the sludgewashing process.As
indicatedin the previous study [6], DOM and sludge
solidscan form somesort of equilibrium.If the system
contains high concentration of SS, the equilibrium
DOM concentrationis also high. Therefore,the acid
sitesfor metal bindingwill be graduallylost during the
washingprocess.As a result, the overall metal binding
capacityand metal binding strengthof sludgesitesand
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DOM sites are reduced. Therefore, modifications on the
sludge samples may change their metal uptake characteristics.

4.4. Model approximation if DOM effect is insignificant
Experimental results indicate that under neutral and
low pH conditions, the DOM effect on metal uptake is
not significant. Therefore, Eq. (16) can be used to fit
metal uptake data.
Fig. tt shows the curve fitting results for the uptake of
Cd(II), Co(II), Cr(III), Cu(II), Ni(II), Pb(II), and Zn(II)
under neutral and low pH condition conditions using
experimental data from Fig. l. Since the metal uptake
data obtained in the alkaline pH region were not used
during modeling, they are not shown. Modeling results
show that stability constants of metal-sludge complexes
f o r t h e s e m e t a l s a r e , r e s p e c t i v e l y ,3 . 6 + 0 . 2 , 3 . 0 + 0 . 1 ,
5 . 5 + 0 . 1 ,4 . 8 + 0 . 1 , 3 . 1 + 0 . 1 ,5 . 1 + 0 . 1 , a n d 4 . 4 * 0 . 3 . I t
should be noted that these values are determined based
on metal uptake results in single metal systems.Stability
constant values determined in multimetal svstems are
greater than thesevalues [12].
It should be noted that Eq. (15) is derived based on
the assumption that the relative metal concentrations
are low. Thus, metal uptake by sludge and metal
complexation with DOM are in the linear range of the
Langmuir isotherm. This is likely to be true under most
field conditions. A theoretical calculation indicated that
the linear concentration range is proportional to the
product of the free surface site concentration and the
adsorption constant [ 3]. If the metal concentration is in
the linear range, metal partitioning is independentof the
initial metal concentration. As a result, all metal uptake
curves plotted as the percentage of metal uptake as a
function of pH for different initial metal concentrations
overlap. This is a distinct characteristic that can be used
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to judge if the adsorption is in the linear range. The
general formula, Eq. (17), was also used to fit the
experimental data in this research. The curve fitting
results, which are expressedas values of K5 and K;, are
same as that.obtained using Eq. (15) tl31. Therefore, the
linear range assumption in this study is appropriate.
It should also be noted that in the derivation of
Eq. (15), it was assumedthat only DOM is presentin the
system for metal complexation. However, under alkaline
pH conditions, other metal complexing ligands such as
hydroxide and carbonate also exist. They also affect the
metal partitioning. Experimental data showed that the
increase of pH results in the increase of DOM
concentration. The increase of pH also increasesthe
concentrationsof metal hydroxide and metal carbonate
species.Therefore, their impacts on metal partitioning
(i.e., adsorption and complexation) as a function of pH
are parallel to the DOM effect. In the modeling, we
group them together and empirically use the DOM term
to expressthese effects. The complexation constant, K;,
can be treated as a parameter that reflects the overall
elfects of these ligands.
This study also shows that, in neutral and low pH
conditions, the DOM effect on metal uptake is not
significant. Thus, the simplified equation that does not
contain the DOM term, Eq.(16), has the reasonable
accuracy to describe metal uptake under field conditions.

5. Conclusions
DOM can form complexes with heavy metals and,
thus, may significantly affect the uptake of these heavy
rnetals by sludge particulates. Based on the chemical
reactions among metal, sludge, and DOM, a mathematical model describing the DOM effect on metal uptake
under various pH conditions was developed. The
stability constants of metal-sludge and metal-DoM
complexeswere determined. Results showed that, for the
secondary sludge sample collected from Baltimore Back
River Wastewater Treatment plant on March 1997, the
stability constants of Cu(Il)-sludge and Cu(IIFDOM
complexes (log Ks and log K1) are estimated to be
5.3+0.2 and 4.7 +0.3, respectively;for Ni(II), they are
estimated to be 4.0+0.2 and 3.9+0.2, respectively.
Results also showed that the constants determined using
sludge samples collected at different times are in good
agreement with each other. Results indicated that sludge
processing procedures using deionized water washing
method can significantly reduce the metal binding
strength of sludge sites and DOM sites. Results also
indicated that under neutral and low pH condition
conditions, the DOM effect on metal uptake is not
significant. A simplified model that does not contain the
DOM term can be used to fit the metal uptake data with
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a reasonable accuracy. Results showed that, for the
secondary sludge sample collected from Baltimore Back
River Wastewater Treatment plant in December 1996,
the estimated stability constants of metal-sludge complexes for Cd(II), Co(II), Cr(III), Cu(II), Ni(II), Pb(II),
a n d Z n ( I I ) a r e , r e s p e c t i v e l y3,. 6 + 0 . 2 , 3 . 0 + 0 . 1 , 5 . 5+ 0 . 1 ,
4 . 8+ 0 . 1 , 3 . 1+ 0 . 1 , 5 . 1 + 0 . 1 ,a n d 4 . 4 + 0 . 3 .
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